There is considerable evidence that males will increase the number of sperm ejaculated in response to sperm competition risk. However, whether they have the capacity to adjust seminal fluid components of the ejaculate has received less attention. Male crickets (Teleogryllus oceanicus) have been shown to adjust the viability of sperm in their ejaculate in response to sperm competition risk. Here we show that socially mediated plasticity in sperm viability is probably due, at least in part, to male adjustments in the protein composition of the seminal fluid. Seven seminal fluid protein genes were found to have an increased expression in males exposed to rival calls. Increased expression of these genes was correlated with increased sperm viability in whole ejaculates, and gene knockdown confirmed that at least one of these proteins promotes sperm viability. Our results lend support for recent theoretical models that predict complex responses in male allocation to seminal fluid composition in response to sperm competition risk.
Introduction
It is now widely appreciated that females, like males, can increase their reproductive success by accepting more than one mating partner [1] [2] [3] . Multiple mating by females ( polyandry) has wide-ranging evolutionary consequences [4, 5] , not least the selection imposed on males through sperm competition [6] and cryptic female choice [7] .
When females mate with more than one male, the sperm from these males must compete to fertilize a limited supply of ova. Among species, increased risk (the probability that females will mate with one other male) and intensity (the average number of males mated) of sperm competition are both predicted to favour the evolution of increased expenditure on the ejaculate [8] . Within species, however, males are predicted to increase their immediate allocation of ejaculate reserves to individual females as the risk of sperm competition increases, but to decrease their allocation with increasing intensity of sperm competition because the payoff per unit allocation will decline as the number of competing males increases [8] . Considerable research effort has been made to test these theoretical predictions. Thus, there is taxonomically widespread evidence of evolutionary associations between the strength of selection from sperm competition and testes mass, productivity, and sperm form and function (reviewed in [9, 10] ). Within species, males have been found to allocate greater numbers of sperm to females when they perceive the presence of sperm competition rivals in their environment [11, 12] . Empirical tests of sperm competition theory have thus focused primarily on the production and allocation of sperm. However, sperm represent only one component of the ejaculate.
Sperm are delivered to the female bathed in a cocktail of seminal fluid proteins (sfps) derived from the male accessory glands. Seminal fluid proteins have significant effects on sperm function, including the promotion of motility, capacitation and fertilization efficacy [13] . They also protect sperm within the female tract, and can profoundly affect female reproductive behaviour and physiology [9, [13] [14] [15] . Given their role in promoting male fertilization success we might expect that sfps, like sperm, should be subject to selection from sperm competition [9] . Indeed, seminal fluid proteins include the most rapidly diverging proteins known, and comparative studies suggest that sfp divergence is correlated with the strength of selection from sperm competition [16] [17] [18] [19] [20] . Within species, studies of fish with alternative reproductive tactics have reported greater velocity of sperm produced by sneaker males, with differences in sperm performance in at least one species being due to differences in seminal fluid [21] . A handful of studies have reported phenotypic plasticity in sperm velocity in response to social cues to sperm competition [22, 23] or female quality [24, 25] , which might also be due to plasticity in seminal fluid composition [26, 27] .
Theoretical models are beginning to be developed in order to predict how males should allocate their seminal fluids in response to sperm competition [28] [29] [30] . The broad predictions arising from these models make intuitive sense, in that males are predicted to increase their allocation to sfps that enhance fertilization success and/or decrease their allocation to sfps that enhance female fecundity when they face sperm competition. However, tests of these predictions are currently limited to just two species, Drosophila melanogaster and house mice Mus musculus. Male D. melanogaster transfer a sfp (ovulin) that stimulates females to manufacture and lay eggs, and a second sfp (sex peptide) that inhibits female remating. When males mate with previously mated females they reduce their allocation of ovulin, though not sex peptide, because reproduction is already triggered in these females by their previous mates [31] . Social manipulations have also found that males exposed to rivals during copulation transfer more sex peptide and ovulin to females than males copulating in isolation [32] , but exposure to rivals prior to mating results in a decreased expression of Acp26a, the gene responsible for ovulin production, and a third sfp gene, Acp62f, implicated in defensive sperm competition success [33] . In house mice, exposure to rival male scent during sexual development was found to increase the abundance of three sfps in the seminal vesicles (SVS6, SVS5 and CEACAM 10), supporting the idea that sfp production can exhibit socially cued phenotypic plasticity [34] . Though the effect of these sfps on competitive fertilization success is yet to be fully understood, CEACAM has been reported to enhance sperm motility [35] . These studies have been possible because Drosophila and house mice are both well characterized genomically. Functionally characterizing individual seminal fluid proteins in nonmodel organisms remains challenging [27] . Nonetheless, here we document socially cued phenotypic plasticity in sfp gene expression, and identify those sfps that contribute to sperm fertilization competency in a non-model organism, the Australian field cricket Teleogryllus oceanicus.
When exposed to the sexual advertisement calls of rival males during their development, male T. oceanicus produce ejaculates with a greater proportion of viable sperm compared with males reared in acoustic isolation [36] . Moreover, manipulating male perceptions of sperm competition intensity, by the perfuming of females with cuticular hydrocarbons from increasing numbers of rival males, has the effect of reducing the proportion of viable sperm in a male's ejaculate [37] . These studies show that males can make finely tuned adjustments to the quality of their ejaculates in response to the risk and intensity of sperm competition (see also [38, 39] ). Interestingly, sperm viability has a greater impact on a male's competitive fertilization success [40] than does the number of sperm [41] , and the reciprocal transfer of sperm between the seminal fluid fractions of rival ejaculates suggests that variation in seminal fluid composition might underlie the strategic adjustments in sperm viability seen in this species [42] . Proteomic analyses have identified at least 21 different proteins in the seminal fluid of T. oceanicus [43] , and eleven of these proteins were found to increase in abundance in ejaculates as males mature sexually [44] . Both sperm viability [40] and competitive fertilization success [45] also increase with male age, suggesting these eleven sfps as candidate proteins for the strategic adjustment of seminal fluid composition, and thus sperm viability, in response to sperm competition. Here we examined sperm viability and quantified sfp gene expression for males exposed to the calls of rival males during their development, and compared these with males reared in acoustic isolation. We show that the expression of seven sfp genes vary in response to sperm competition risk and use RNA interference to identify which of these sfps are responsible for the strategic adjustments in sperm viability found in this cricket.
Material and methods (a) Social manipulation
Animals used in this study were taken from a large outbred stock derived originally from a fruit plantation in Carnarvon Western Australia, and seeded annually with newly caught individuals. First instar nymphs were taken at hatching and assigned randomly to one of two treatments. The first treatment group was exposed throughout their development to the calls of conspecifics via five boxes containing approximately 100 adult sexually active crickets, placed within a 2 m radius of the experimental crickets. Crickets were thus exposed continually to both the calling and courtship calls of conspecifics at a sound intensity of 70 -80 dB. The second treatment group was raised in acoustic isolation (silence) [36] .
Crickets were initially raised en masse at 298C on a 12 : 12 h light : dark cycle with constant access to cat chow and water. At the seventh nymphal instar, when sex can first be determined, females were discarded and males housed individually in boxes (7 Â 7 Â 5 cm) separated from each other by cardboard divisions that prevented visual contact. Crickets were then monitored daily until they emerged as adults. Upon emergence the sound-producing forewings of males in both treatments were removed to prevent them from producing their own calls.
(b) Sperm viability
Fourteen days after the adult molt, a spermatophore was removed from the genital pouch of 32 males from each treatment and assessed for sperm viability. The spermatophore was placed on a slide with 20 ml of Beadle saline (128.3 mM NaCl, 4.7 mM KCl and 23 mM CaCl 2 ). The evacuating tube was severed with fine scissors and the sperm were allowed to completely evacuate over a period of 10 min. The ejaculate was mixed gently with the saline on the slide and 5 ml transferred to a second slide. Five microlitres of SYBR 14 (1 mM), diluted 1 : 50 with Beadle saline, was added and the sample incubated in the dark for 10 min. Two microlitres of propidium iodide (2.4 mM) was then added and incubated for a further 10 min. The sperm were then viewed using a fluorescence microscope, and the number of live (stained green with SYBR 14) and dead (stained rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171486 red with propidium iodide) sperm in the first 500 sperm counted was used to estimate sperm viability (the proportion of live sperm in the sample). After assessment of ejaculate quality crickets were frozen at 2208C. The proportion of viable sperm in an ejaculate was square-root-arcsine transformed for statistical analysis.
(c) Gene expression
Each cricket was thawed and the accessory gland removed, weighed and placed in RNAlater (Life Technologies), stored overnight at 48C and then placed at 2208C. Using the PureLink RNA mini kit (Life Technologies), RNA was extracted from the entire accessory gland following the manufacturer's instructions. The tissue was disrupted using a micropestle (Interpath) and then a homogenizer (Life Technologies). RNA was removed using an on-column PureLink DNAse treatment (Life Technologies). The RNA yield was quantified using a Qubit 2.0 fluorometer (Life Technologies). The elution volume for the RNA was 100 ml and yields ranged from 366 to 1200 mg ml 21 per sample. Two micrograms of each RNA sample were converted to cDNA in a 20 ml reaction volume using the high capacity RNA-to-cDNA kit (Life Technologies), following the manufacturer's instructions.
Ten seminal fluid proteins and one sperm protein were selected for gene expression assays based on their observed changes in abundance in the seminal fluid with age [44] . We used actin as the reference gene (Isotig01761 from the T. oceanicus sequence database lodged with Genbank under the project number SRA044883.2 [46] ). The six TaqMan gene expression custom assays (Life Technologies) designed previously [44] were used, and in addition, a further six assays were designed using the online Custom TaqMan assay design tool. Forward, reverse and reporter sequences for the 12 assays can be found in electronic supplementary material, table S1. In order to determine a suitable starting concentration of cDNA for the new gene expression assays, a standard curve of cDNA was prepared from one of the acoustic isolation samples, to include 100, 10, 1 and 0.1 ng ml 21 . Gene expression assays were then set up in triplicate for each of the standards and for each of the assays as follows: 1 ml cDNA, 5 ml 2Â TaqMan Gene expression master mix (Life Technologies) and 0.5 ml 20Â TaqMan custom assay mix in a 10 ml reaction volume. The assays were run in compatible 96-well plates on a StepOne Plus Real-Time PCR system (Life Technologies) using the following cycling conditions: 508C for 2 min, 958C for 10 min, and then 40 cycles of 958C for 15 s and 608C for 1 min. The efficiency of each assay was assessed with all R 2 values greater than 0.994 and slopes from 23.772 to 23.282 corresponding to efficiencies varying from 84% to 102%. As the efficiency for the assay corresponding to ToSfp005 (isotig01832) was low at 84%, the standard curve was repeated with the following concentrations of cDNA: 100, 50, 25 ml 21 , 12.5, 6.25 and 3.125 ng ml
21
. The R 2 value for this assay was 0.994, slope 2 3.58 and the efficiency 90%, all within acceptable limits. For 10 of the genes, 10 ng cDNA gave average C T values varying from 19.97 to 26.93, so this was the chosen input amount for all further assays. For ToSfp026 (isotig06304), 10 ng cDNA gave a C T value of 29.36, which is unacceptably high, so this assay required 100 ng of input cDNA to bring the C T value within acceptable limits.
Gene expression assays were carried out on all samples using the cDNA amounts determined above, each assay run in triplicate for each candidate gene and reference gene, and with negative controls (without cDNA) on each plate. Results were analysed by STEPONE software v. 2.3 (Life Technologies) and the results exported into DATAASSIST v. 3.0 software (Life Technologies) for sample comparison using the comparative C T (DDC T ) method [47] . The expression of actin did not differ between treatment groups (CT: male calls, 22.74 + 0.09; silence 22.62 + 0.10; t 61 ¼ 0.94, p ¼ 0.350) so was an appropriate gene to use as a reference gene.
(d) Interference RNA
We explored the function of seven seminal fluid genes that exhibited socially mediated changes in expression using RNAi. Double-stranded RNA was prepared using the Megascript RNAi kit (Thermo Fisher Scientific). The manufacturer recommends dsRNA 400 bp or larger so PCR primers were designed with GENEIOUS v. R6 [48] to give a product of approximately 500 bp (see electronic supplementary material, table S2) using the RNA sequence data for the genes previously identified. The T7 promotor sequence was added to the 5 0 end of each primer. Template DNA was then prepared in four identical polymerase chain reactions (PCRs)
and ToSfp022 (Isotig444), a two-step PCR reaction was performed as follows: the same concentrations of reagents as above were used with the addition of 10% DMSO and an increase in MgCl 2 concentration from 1.5 to 3 mM and cycling conditions of 948C for 3 min, then 35 cycles of 948C for 30 s and 688C for 60 s, and finally 728C for 5 min (all reagents were from Thermo Fisher Scientific). The four PCR reactions were pooled and purified using the Favorgen PCR clean-up kit (Fisher Biotech) with elution into 40 ml. The DNA was then ethanol precipitated using 1/10 volume of 3 M sodium acetate pH 5.2 and 2 volumes of 100% ethanol. The DNA pellet was resuspended in 20 ml elution buffer and the concentration determined using a Nanodrop 1000. The Megascript RNAi kit was then used to generate dsRNA via T7 RNA transcription using the manufacturer's protocol. Each transcription reaction contained 1 mg template DNA and the transcription time was 4 h. The excess DNA and ssRNA were removed, and the dsRNA purified following the manufacturer's instructions with the final elution in 100 ml. A small amount was diluted 1 in 10 and run on a 3% agarose gel to check the size and integrity of the dsRNA. The concentration was also checked using the Nanodrop 1000. The volume was adjusted to a final concentration of 1 mg ml 21 in elution buffer. Eighth instar male nymphs were collected from laboratory stock. The nymphs were housed individually in boxes (7 Â 7 Â 5 cm), and provided with cat chow and water ad libitum. On the first day of the final (ninth) nymphal instar, each cricket was injected with 2 mg dsRNA and checked daily for adult emergence. An average of 15 males (10-18) were injected for each gene. Upon adult emergence, males were reinjected with a further 2 mg dsRNA and left for 4 days. At 4 days of adult age the male was assayed for sperm viability following the protocol outlined above. We were able to obtain spermatophores from 9 to 15 males per gene (mean + s.e. 12 + 1). A group of 30 males acted as controls, and were injected with the elution buffer from the Megascript kit. To confirm that gene expression was reduced via the RNAi, we conducted gene expression assays for a subsample of males (n ¼ 5 per gene and control) following the protocols described above.
Results
Replicating previous work [36] , we found that male T. oceanicus exposed to the calls of rivals during development produced ejaculates containing a higher proportion of viable sperm than males reared in silence (t 61 ¼ 2.58, p , 0.012; figure 1a) . Increased sperm viability in response to rival calls was accompanied by increased expression of seminal fluid protein genes in the male accessory glands.
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Expression levels for each of the 11 candidate genes were entered into a single MANOVA to test for differences in gene expression between social environments. Accessory gland weight was entered as a covariate. There was a significant effect of social environment on seminal fluid protein gene expression (F 1,60 ¼ 19.49, p , 0.001), but the effect of accessory gland weight was not significant (F 1,60 ¼ 3.83 p ¼ 0.060). Males exposed to the calls of rivals had higher levels of seminal fluid gene expression than males reared in silence (figure 1b). Univariate tests revealed that 7 of the 11 genes assayed had higher expression in males exposed to rival calls (table 1). To explore how these genes might affect sperm viability we entered their expression levels into a principal components analysis that returned two axes of variation which explained 77% and 11% of the variation in gene expression, respectively (electronic supplementary material, table S3). The first axis was loaded most strongly by the expression of ToSfp017 and to a lesser extent by ToSfp011, and predicted variation in sperm viability in whole ejaculates (effect estimate 0.022 + 0.010; F 1,60 ¼ 4.46, p ¼ 0.039). The second axis was loaded most strongly by the expression of ToSfp005 and to a lesser extent ToSfp027, but this axis did not predict sperm viability (effect estimate 0.004 + 0.028; F 1,60 ¼ 0.02, p ¼ 0.885). We used interference RNA to further explore the function of these seven genes.
RNAi was successful in knocking down the expression of target genes (table 2). There was significant variation in sperm viability across RNAi treatment groups ( Knockdown of the remaining genes had no discernible effect on sperm viability relative to controls (figure 2).
Discussion
We found socially mediated increases in seminal fluid protein gene expression in the accessory glands of male crickets, T. oceanicus. Socially mediated changes in gene expression have been reported previously, in the context of pre-mating sexual selection. Rapid increases in the expression of genes in various regions of the female brain have been documented in response to social exposure to courting males in fish [49, 50] , birds [51 -53] and insects [54, 55] , with these changes in gene expression often being of greater magnitude when females experience more attractive males. For males, changes in gene expression in the brain have been found following territory intrusion by rivals in both birds [56] and fish [57] . In male Drosophila melanogaster, the social environment was found to affect the expression of over 500 genes [58] [59] [60] , half of which change only in response to rival males [60] . Socially mediated plasticity in gene expression was recently reported in the closely related cricket T. commodus using a similar experimental paradigm to that used here [61] . Male T. commodus exposed to rival male calls tend to show accelerated development and a reduced lifespan, but invest less in calling effort than males reared in silence [62] [63] [64] . These socially cued changes in life-history strategy were found to be associated with changes in the expression of genes that affect courtship, muscle development and the storage of energy reserves [61] . Interestingly, Kasumovic et al. [61] found changes in the expression of five genes associated with mating and spermatogenesis in male T. commodus exposed to rival calls. Two of these genes, Four wheel drive and spargel, appear to be involved in spermatogenesis and mitochondrial metabolism [65] [66] [67] , and their increased expression in males exposed to rival male calls might be associated with the general finding that males increase their expenditure on sperm production in response to social cues to sperm competition risk [11, 12] . Like T. commodus, male T. oceanicus also show socially mediated plasticity in a host of life-history traits, including immune function [68] , cuticular hydrocarbon expression [69] , mating behaviour [70] and sperm viability [36] . Our targeted approach examined the expression of 11 sfp genes that were candidates for the socially mediated changes in sperm viability.
We found an increased expression of seven sfp genes in response to rival calls. One of these genes, ToSfp011, showed a 20% increase in expression compared with males reared in silence. This sfp has a close match to a hypothetical accessory gland protein in the field cricket Gryllus pennsylvanicus, but was previously of unknown function [71, 72] . When ToSfp011 was knocked down using interference RNA, males produced ejaculates with a 30% reduction in the proportion of sperm that were viable. While increased gene expression is indicative of an increase in protein production, we cannot directly infer that the amount of protein allocated to individual ejaculates is increased. Moreover, if the targeted gene is also expressed in tissues beyond the accessory gland, its knockdown could affect other aspects of male physiology that indirectly influence sperm viability. Nevertheless, increased ToSfp011 and ToSfp017 expression were also associated with increased sperm viability in whole ejaculates when males were exposed to rival calls. We conclude, therefore, that adjustments in the production of this protein may underlie adjustments in sperm viability found in this cricket as males respond to the risk and intensity of sperm competition [36 -39] .
Knockdown of two additional sfp genes, ToSfp001 and ToSfp017, resulted in sperm viability intermediate between ToSfp011 knockdowns and controls, suggesting that these proteins may also contribute to strategic adjustments in sperm viability. One of these proteins, ToSfp001, is an apyrase with a predicted function in nucleotide metabolism [43] . Apyrases have been shown to play important roles in sperm motility and viability, and to bind tightly to sperm [43] . Indeed ToSfp001 is the same protein as ToSp027 identified from the T. oceanicus sperm proteome [43] . The second protein, ToSfp017, is a hypothetical protein of previously unknown function [43] . For the remaining four sfp genes that showed increased expression on exposure to rival calls, interference RNA had no detectable effect on sperm viability. However, these sfps may serve other functions in postcopulatory male fitness. Two of these proteins, ToSfp022 and ToSfp023, remain of unknown function [44] , but the third, ToSfp005, is a dipeptidase [43] . Dipeptidases are involved in the biosynthesis of prostaglandin [73, 74] . Studies of T. commodus have found that males transfer prostaglandin synthesizing compounds in the ejaculate, and that prostaglandin induces egg laying and oviposition [75] [76] [77] [78] [79] . Fecundity-enhancing seminal fluid proteins are well known in insects [80] , with this function being served by ovulin in D. melanogaster [31] . However, in contrast to our finding of increased expression in ToSfp005 in males exposed to rivals, in D. melanogaster exposure to rivals was found to result in a reduced expression of the gene responsible for ovulin production [33] .
Four sfp genes that show increased expression with male age were unaffected by the social manipulation. It may be that these genes lack phenotypic plasticity because they encode proteins essential for minimal reproductive function. Alternatively, the seven genes that did show phenotypic plasticity may share some regulatory signal or cell type expression that the remaining four genes do not. Further work is required to fully understand the function of seminal fluid proteins in this and other species [9, 27] .
In conclusion, our data provide evidence that males will increase their expenditure on sfps that enhance the fertilization capacity of their sperm when faced with an increased risk of sperm competition. Studies of Drosophila have found that males will reduce their allocation of fecundity stimulating sfps in response to rival males, while male house mice exposed to rivals have an increased abundance of several seminal fluid proteins in their seminal vesicles, some of which may enhance sperm motility. Collectively these studies lend growing support for recent theoretical models that predict complex responses in male allocation to seminal fluid composition, responses that depend on the roles that individual seminal fluid proteins play in fecundity enhancement and competitive fertilization success [28] [29] [30] .
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